Purpose: Given the uncertainty with regard to the effectiveness of pelvic nodal irradiation (PNI) for prostate cancer, we aimed to determine whether patients with prostate cancer who are treated with PNI are at a higher risk of developing radiation-related lymphopenia (RRL). Methods and materials: The electronic charts of 886 consecutive patients treated with radiation therapy for prostate cancer between 2006 and 2018 at our institution were retrospectively analyzed. Qualifying patients were those with total lymphocyte counts within 1 year before and 3 to 24 months after the start of radiation therapy. Lymphopenia was the primary outcome, and overall survival and biochemical progression-free survival were secondary outcomes. Results: Thirty-six patients with and 95 patients without PNI qualified for inclusion. In the PNI cohort, 61.1% of patients developed RRL (median follow-up total lymphocyte count < 1000 cells/ mL) versus 26.3% of non-PNI patients (P < .001). On univariate analysis, initial prostate-specific antigen level, baseline lymphopenia, treatment modality, PNI status, increased planned target volume, and androgen deprivation therapy administration were all significant predictors of RRL (P < .05). On multivariate analysis, PNI status was a significant predictor of RRL (hazard ratio [HR], 3.42; 95% confidence interval [CI], 1.22-9.61; P < .001), as were initial prostate-specific antigen values (HR, 1.05; 95% CI, 1.00-1.11; P Z .006) and baseline lymphopenia (HR, 8.32; 95% CI, 2.19-31.6; P Z .007). RRL was not predictive for biochemical progression-free survival, distant metastasis, or overall survival on multivariate analysis, but the number of events was likely insufficient for these analyses. Conclusions: The higher risk of RRL among patients with PNI comports with other papers that show that increased treatment volumes are associated with higher rates of RRL. Mounting evidence for the adverse effects of RRL on clinical outcomes supports the significance of our findings and suggests that further studies are needed on RRL as a potential harm of PNI that may affect the interpretation of results from clinical trials of PNI.
Introduction
Despite randomized controlled trials, uncertainty remains with regard to the effectiveness of pelvic nodal irradiation (PNI). 1 The ongoing Radiation Therapy Oncology Group study 0924 intends to provide insights into this subject. 2 The expanded treatment volume necessary for PNI includes several lymphocyte-containing structures that may drive radiation-related lymphopenia (RRL) and a concomitant reduction in overall survival (OS) and disease control. 3 A growing number of publications has shown decreased peripheral blood lymphocyte counts during and after radiation therapy (RT) with associated reductions in OS and tumor control rates, 4 including reports on cervical, 4 ,5 pancreatic, 6, 7 breast, 8 nasopharyngeal, 9 and lung cancer. 10, 11 In a recent meta-analysis of patients with solid tumors (n Z 297), Grossman et al discovered a 2-fold increase in mortality among patients with severe treatment-related lymphopenia. 12 The current study evaluates the influences of RT characteristics, including PNI, on RRL incidence and clinical outcomes. To our knowledge, this is the first study to examine the effect of PNI on lymphopenia incidence in patients with prostate cancer, as well as associated treatment outcomes. Our study included patients treated with common radiation modalities, including external beam RT and low-and high-dose-rate brachytherapy.
Methods and Materials
The electronic charts of 886 consecutive patients who were treated with RT for prostate cancer between 2006 and 2018 at a single institution were retrospectively analyzed. Patients were excluded from the study if they lacked laboratory test results with total lymphocyte counts (TLCs) within 1 year before and 3 to 24 months after the start of RT (Fig. 1, complete flow diagram) . For qualifying patients, 1 baseline and all follow-up laboratory test results that existed in the electronic chart were collected. However, the results from laboratory tests taken during and after subsequent chemotherapy or RT regimens were excluded from the analysis.
Incidence of RRL was established as the primary outcome and OS and biochemical progression-free survival (bPFS) as the secondary outcomes (measured from the start of RT). RRL incidence was determined as follows: For each patient, all follow-up TLCs were examined to determine the median TLC value. RRL was defined as this median TLC <1000 cells/mL. Using the median of all follow-up TLCs allowed for a more longitudinal view of the potential effects of radiation on lymphocyte counts. Institutional review board approval was obtained for this study. When PNI was delivered, a total of 44 to 50 Gy was delivered in 22 to 25 daily fractions with a 3-dimensional conformal or intensity modulated RT approach.
Factors with the potential to influence RRL rates were investigated via univariate analysis (UVA), and factors that either demonstrated or trended toward statistical significance (P < .10) were retained for multivariate analysis (MVA). An MVA was employed with these retained factors to determine which variables were statistically significant predictors of RRL on MVA (significance level: P < .05). MVAs were also employed to determine the effect of RRL on OS, distant metastasis, and bPFS, respectively. All statistical analyses were performed using the SPSS program (version 25.0; SPSS Inc, Chicago, IL), and P < .05 on MVA was considered statistically significant.
Results
Retrospective chart analysis yielded 131 qualifying patients, 36 of whom received PNI. In the PNI cohort, 61.1% of patients developed RRL compared with 26.3% of patients who did not receive PNI (c 2 test; P < .001). During the first 36 months after treatment, 19.4% of the PNI cohort and 9.5% of the non-PNI cohort developed severe RRL (TLC <500 cells/mL), but this was not statistically significant (c 2 test; P Z .12). Because RRL was defined as median follow-up lymphocyte counts <1000 cells/mL, the time point for RRL ranged depending on when this median occurred. The median time point of RRL was 14.2 months (range, 3.2-61.1 months) for the PNI cohort and 21.0 months (range, 2.9-97.6 months) for the non-PNI cohort (2-tailed t test; P Z .012). To clarify, this is not to say that the non-PNI patients tended to develop RRL longer after treatment than the patients with PNI but that the median TLC value tended to occur later in these patients. There appeared to be longer follow-up and more follow-up laboratory tests per patient for non-PNI patients, which may have influenced this trend. Laboratory testing occurring during or after subsequent RT or chemotherapy regimens occurred in 2 patients with PNI and 3 non-PNI patients, but these test results were not used for this report. The cohort characteristics and outcomes are detailed in Table 1 , including notation of each factor that was significantly different between the groups.
For each cohort, the TLCs were binned according to duration after the start of RT and plotted as shown in Figure 2 . Notably, both cohorts displayed follow-up TLCs that were statistically lower than their baseline (P < .05) until 4 to 5 years after RT. Baseline TLCs did not differ significantly between the cohorts (2-tailed t test; P Z .23).
On UVA, nodal status, initial prostate-specific antigen (iPSA) values, baseline lymphopenia, treatment modality, PNI status, and androgen deprivation therapy (ADT) administration were all predictors of RRL (P < .10, Table 2 ) and were therefore retained for the MVA. Increased planned treatment volume was also found to be a significant predictor of RRL on UVA (P Z .011); however, this was not included in the MVA owing to high suspected collinearly with PNI status. On MVA, PNI status was a significant predictor of RRL (hazard ratio [HR], 3.42; 95% confidence interval [CI], 1.22-9.61; P < .001) and iPSA (HR, 1.05; 95% CI, 1.00-1.11; P Z .006) and baseline lymphopenia (HR, 8.32; 95% CI, 2.19-31.6; P Z .007).
RRL was not found to be predictive for bPFS, distant metastasis, or OS on MVA. However, the number of observations in each category was likely insufficient for this type of analysis. Kaplan-Meier curves were not included because of inadequate observation volume.
Discussion
Several publications have examined the effect of various RT characteristics on the rate of RRL, such as treatment volume 13e16 and fractionation, 17, 18 but the effect of PNI on lymphopenia in patients with prostate cancer has not yet been studied. This topic has specific relevance given the ongoing uncertainty with regard to the benefit of PNI in prostate cancer treatment. 1 The present data show a significant correlation (P < .001) between PNI and RRL on MVA, with a nearly 3.5-fold increase in RRL incidence among patients with PNI relative to non-PNI patients (HR, 3.42; 95% CI, 1.22-9.61).
The administration of PNI necessitates a much larger treatment volume than prostate cancer RT without PNI. The expanded treatment volume for PNI encompasses not only the lymph nodes themselves, but also pelvic and lumbosacral vertebral marrow, small bowel, and circulating lymphocytes in iliac vessels. Irradiating these structures may contribute to an increased risk of developing RRL. 3 Lymphocytes are radiosensitive cells with a lethal dose that is sufficient to kill 50% of the cell population (LD 50 ) of 1.5 Gy and an LD 90 of 3 Gy. 19 Therefore, we hypothesized that repeated lymphocyte exposure and destruction in the expanded PNI treatment volume may drive the observed higher rate of RRL in PNI patients.
Baseline lymphopenia and higher iPSAs were also found to be predictive for RRL on MVA. Because highrisk and unfavorable intermediate-risk group prostate cancer was the inclusionary criterion for the administration of PNI at our institution, a higher iPSA value is therefore collinear with PNI status. However, iPSA is unlikely to directly influence RRL incidence, and the statistical significance of this variable probably resulted from its high collinearity with PNI status. Despite this, iPSA was still necessary to include in the MVAs to control for stage of disease progression, which is known to be highly predictive of some treatment outcomes, such as bPFS and distant metastasis.
Baseline lymphopenia was also predictive of RRL. Lower initial lymphocyte counts may provide a smaller buffer for loss of lymphocytes during RT regimens and may also be indicative of underlying health issues that could chronically reduce lymphocyte counts. One other publication also correlated baseline lymphopenia with RRL 14 ; however, other publications have not found baseline lymphopenia to be predictive for OS, including the recent meta-analysis by Grossman et al. 12, 20 Further investigation into this subject may be helpful.
A number of publications have demonstrated a correlation between lower lymphocyte counts during and after RT and reduced OS and tumor control rates.
4e10 A statistically significant link between RRL and poorer treatment outcomes was not found in this study, but the growing evidence in support of this relationship in other cancers raises concerns about the potential implications of a higher rate of lymphopenia in patients with PNI. Longterm follow-up revealed that both cohorts displayed lower TLCs than baseline 4 to 5 years after RT (P < .05), which suggests that the lymphocyte-damaging effects of RT are long-lasting for many patients with prostate cancer. These chronically lower lymphocyte counts could affect longterm outcomes, such as OS and tumor control, in this type of cancer as well, but this topic requires further investigation. Our observation of chronically lower lymphocyte counts in patients who received RT adds to the results of several other publications that also followed post-RT lymphocyte counts longitudinally. These reports are low in volume and occur sporadically from the 1970s onward. However, all publications discovered by this research group that followed lymphocyte counts for 5 years after RT showed that recovery of TLCs, T-cell counts, or both was significantly protracted. The earliest publication examined TLCs in patients with breast cancer who were treated with localized postmastectomy radiation and found that low TLCs may persist for 10 years after RT. 21 Other reports since have shown that although TLCs may recover within 1 to 2 years after RT, T-cell populations or subpopulations may not recover for 5 to 10 years or more.
22e24 Notably, each of these studies reported that many patients had not fully recovered by the end of the follow-up period (5, 6, and 10 years, respectively). Because of these follow-up limitations, demarcation of a typical time course for RRL is difficult. Nevertheless, these prior reports have shown that the deleterious effects of RT on lymphocyte populations and subpopulations may be long-lasting. The data from this investigation add to these findings.
This report also has limitations. The analysis provided is retrospective and includes only patients treated at a single institution; therefore, this cohort may or may not be representative of the greater population. Additionally, the PNI cohort was small with a concomitantly low number of tumor recurrence and death events. This low volume was insufficient for a rigorous analysis of treatment outcomes, such as OS and biochemical control. With respect to patient qualification for this study, the administration of complete blood counts with differential before and 3 to 24 months after RT is not standard protocol at our institution. Consideration was given to the fact that patients for whom these complete blood counts with differential were ordered may have had a preponderance of the type of health issues that require these laboratory tests, such as rheumatologic and hematologic conditions. However, because this was an exclusionary criterion for all patients, the comparison between patients with PNI versus non-PNI patients is not expected to have been confounded. The possibility that these patients had a different composition of health issues than the average patient with prostate cancer may be relevant in interpreting these results.
Finally, the median duration after the start of RT of median TLCs was shorter for the PNI cohort (14.2 months) than for the non-PNI cohort (21.0 months). Therefore, the time points of comparison of lymphocyte counts did differ between the cohorts, giving patients with PNI less time to recover before their lymphocyte values were extracted for comparison. This may have contributed with the results of several other papers that showed that increased treatment volumes were associated with higher rates of RRL 11,13e15,17,18 (though there is no uniform agreement on this subject 16 ), and these results merit further investigation for PNI in prostate cancer.
Consideration was given to the fact that this cohort included both patients who received brachytherapy and Fig. 2 . Change in total lymphocyte counts over time for patients with pelvic nodes (A) treated, and (B) untreated. The results are displayed in months after the start of radiation therapy. Total lymphocyte counts taken after 72 months were excluded owing to insufficient observation volume for box plot. *P < .05 compared with baseline via 2-tailed t test.
external beam RT and that the treatment volumes delineated for these modalities are different. To account for this, treatment modality was controlled for on MVA and was not found to be a significant predictor of RRL in this cohort. In addition, the administration of ADT was controlled for on MVA, but the duration and type of ADT was not included in the statistical analysis. Because ADT administration was not found to be a significant predictor of RRL on MVA, type and duration of ADT are unlikely to have significantly influenced the results. Furthermore, this research team is not aware of any evidence that demonstrates that type or duration of ADT significantly influences the incidence of RRL.
Conclusions
The efficacy measured in a clinical trial represents a summary of the benefits and harms of the study treatment. In light of the continued uncertainty with regard to the benefit of PNI for patients with prostate cancer, lymphopenia may be a new potential harm to consider when evaluating the comparative effectiveness of administering RT to the pelvic nodes. 
